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Graphene-family nanomaterials (GFNs) have attracted a great deal of attention 
both in academia and in industry for a range of applications relevant for homeland 
security. In this thesis, an array of graphene-based hybrid materials and aerogels are 
synthesized for use as novel thermo-electrochemical energy harvesters and for ascorbic 
acid biosensing devices. The graphene-family nanomaterials include graphene oxide-GO, 
thermally reduced GO-rGOth, nitrogenated functionalized graphene-NFG, graphene 
aerogel-GA, nitrogen-doped graphene aerogel-NGA, multi-walled carbon nanotube 
aerogel-MWCNT, single-walled carbon nanotube aerogel-SWCNT, graphene and 
nanotube combined ‘hybrid’ aerogels-Gr:(SW/MW)CNT of various ratios, along with 
multilayered nanostructured architectures such as gold (AuNP) and silver nanoparticles 
(AgNP) decorated NFG coated with a thin layer of polyaniline (PANi). Precursor aerogel 
materials were also analyzed to demonstrate the effect of mesoporous architectures and 
the interplay of various components in augmenting physical-chemical properties. 
These precursors were combined through multiple deposition schemes including 
electrodeposition, hydrothermal synthesis, and freeze drying techniques. This project was 
developed in an effort to enhance electrochemical properties through modification of the 
morphology, surface and structural properties, making them more suitable for thermal 
energy harvesting and bio-sensing applications. Hydrothermal synthesis created chemical 
xiii 
 
bridged interfaces, interconnectedness, and improved electrical conductivity besides 
increasing the surface area of mesoporous aerogels created by freeze-drying. This causes 
an increase in the number density of electrochemically active sites. The surface 
morphology, lattice vibrations, and electrochemical activity of the materials were 
investigated using electron microscopy, micro-Raman Spectroscopy, and electrochemical 
microscopy techniques [namely cyclic voltammetry (CV), alternating current 
electrochemical impedance spectroscopy (acEIS), amperometric techniques, and 
scanning electrochemical microscopy (SECM)]. For thermoelectric and thermo-
electrochemical power measurements, a custom-designed set up was made for creating a 
temperature gradient across two legs of a thermocell and experiments were performed in 
various device configurations (a) symmetric and asymmetric, (b) single thermocells, and 
(c) multiple (“in-tandem”) thermocells. Interestingly, we observed changes in conducting 
behavior from Ohmic to semiconducting and polarity shifts from positive to negative or 
vice versa on introduction of the redox electrolyte solution. The parametric correlations 
(thermopower and resistivity or conductivity) are established and the results are discussed 





Chapter 1: Introduction 
 This chapter provides the organization of the thesis, motivation and background, 
as well as descriptions of materials synthesized and complementary analytical techniques 
employed in the studies of graphene-based hybrids and aerogels. Graphene-based 
aerogels are introduced as candidate ‘organic’ materials for converting waste heat into 
electrical energy. These aerogels are made from combinations of carbon nanotubes 
(CNTs) with graphene oxide and/or reduced graphene oxide nanosheets, with some being 
nitrogen doped to provide n-type semiconducting characteristics. Additionally, nitrogen 
functionalized graphene-based architectures are introduced as ultrasensitive biosensors 
for ascorbic acid detection. The sensing is augmented through the development of 
specially designed multilayered architectures including nitrogen functionalized graphene 
and other graphene-family nanomaterials decorated with silver and gold nanoparticles 
followed by a polyaniline (a conducting polymer) coating to enhance electrical 
conductivity, redox reaction kinetics, and to act as a protective layer. 
1.1 Organization of Thesis 
 Chapter 1 introduces the background and motivation, which provides the 
foundation of the entire project. The proposed materials are introduced, along with a 
detailed description of the synthesis of these materials. It is demonstrated how these 
materials are suitable for use in energy storage devices, thermo-electrochemical energy 
harvesting devices, and ascorbic acid biosensing platforms. While previously constructed 
devices from literature are introduced here, some suggested modifications to improve 
performance and efficiency are mentioned as well. This chapter will conclude with an 
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introduction to the characterization techniques used to analyze the physical and 
electrochemical properties of the samples and devices. 
 Chapter 2 will provide details on synthetic approaches, as well as structural and 
physical properties of the materials. These aerogel materials were created using two 
separate approaches which involved specific combinations of carbon nanotubes (CNTs) 
and graphene oxide (GO) dispersions along with a small amount of the polymer linker 
PVP (Polyvinylpyrrolidone). For the first approach, the solutions were processed in a 
hydrothermal chamber to create hydrogels. Some of these hydrogels were then nitrogen 
doped through the addition of ammonium hydroxide (NH4OH). For the second approach, 
the dispersions of CNTs, GO, and PVP were combined with resorcinol, formaldehyde, 
and sodium carbonate to create a carbon foam and carbon foam-graphene-based aerogel 
hybrids. These dispersions were heated in a box furnace for approximately 72 hours (~ 3 
days) giving rise to a gel like substance, called hydrogel. These hydrogel materials were 
then frozen before being freeze-dried to produce aerogels by means of removal of water 
molecules, also known as the process of lyophilization. The freeze dryer removed all the 
liquid, leaving the material behind with large pores, where the liquid previously resided. 
This provides higher specific surface area due to a topologically porous physical structure, 
exposing more area of the material for interactions with the environment. 
Chapter 3 describes the development of thermo-electrochemical energy harvesting 
systems and devices, created from the synthesized materials in Chapter 2. Several single 
devices were created and tested to determine the appropriate (optimized) design and the 
most high-performing materials. The materials were developed into coin cell type devices, 
and the potential induced by a simulated temperature gradient was measured, as the hot 
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end temperature was varied and the cold end was maintained in an ice bath. Alternatively, 
the materials were tested individually to determine the Seebeck (Se) coefficient before 
being used in a thermocell configuration for assessing the devices’ overall performances. 
This design was used as a single cell in such a way to allow for the series combination of 
multiple cells into multi-cell devices, thereby providing scalability. To this end, a set of 
triple cell or tandem devices for some of the material systems with high Se were created 
and tested. 
The fourth chapter details the design of multilayer graphene-based architectures 
for use as biosensors for ascorbic acid. The devices were created in a very systematic way, 
to create a specific architecture which will enhance electrocatalytic sensing, 
electrochemical activity, and improve resolution in the quantitative detection of ascorbic 
acid. These devices were fabricated and analyzed in layers, to improve understanding of 
the contributions of each individual layer of the overall multilayered architecture. 
1.2 Background and Motivation 
 Homeland security is a very broad subject, which reaches into many aspects of 
everyday life that may not be immediately apparent. While energy is not the first thing 
considered when thinking of security, not having energy can easily be identified as a 
threat. Currently, vast amounts of electric energy are produced through the consumption 
of fossil fuels, which is a non-renewable resource.1 Development of renewable energy 
sources and storage devices can eliminate this dependence on oil, thereby reducing 
America’s carbon footprint. Additionally, chemical and biosensors are an integral part of 
homeland security sciences. Through improved ability to detect various 
chemicals/biochemicals, safety standards can be increased without infringing upon 
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individuals’ rights to privacy. Determination of what chemical/biochemical agents are 
present can allow law enforcement personnel to preemptively stop a terrorist attack from 
happening. These sensors can be employed to detect chemical, biological, or explosive 
weapons that have been strategically placed in densely populated areas, allowing for the 
safe remediation of these devices. Creating a larger array of chemical and biosensors will 
create more confidence in the obtained results and allow law enforcement the opportunity 
to improve national security. 
 The work presented here aims to design and synthesize a library of graphene-
family nanomaterials (GFNs) with physical properties tailored to enhance the 
electrochemical properties, allowing for the optimization of the structural properties as 
well as the electrochemical properties. These materials were used to develop prototypical 
devices, which can be analyzed to determine cost feasibility and efficiency. 
1.3 Nanocarbons: Carbon Nanotubes and Graphene-family Nanomaterials 
 Nanotechnology refers to the employment of materials and phenomena that occur 
somewhere within the range of 1 to 100 nanometers. On this length scale, material 
properties are varied significantly in contrast to bulk materials; this results from an 
increase in the surface area to volume ratio, density of grain boundaries, and the number 
of dangling bonds.  We attribute an increase in electrical conductivity, mechanical 
robustness, and electrochemical activity, among other benefits to these changes.2 These 
properties are very desirable to improve the redox reaction rate, leading to improvements 
in detection as well as thermal and electrochemical energy conversion efficiencies.  
At the nanoscale, carbon exists in many different forms, arising from various 
bonding patterns, defects, and physical geometries. A single atomic layer of carbon 
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arranged in a periodic, hexagonal shape (termed graphene) is the material of focus here. 
This sheet of graphene can be oxidized to give graphene oxide (GO) which can then be 
thermally, chemically, or electrochemically reduced to give reduced graphene oxide 
(rGO). Alternatively, GO can be functionalized through the addition of an amide, 
generating nitrogen functionalized graphene (NFG). These same sheets of graphene can 
be rolled into a tube, known as a single-wall carbon nanotube (SWCNT). Layering 
several rolled sheets concentrically leads to a more complex material, called a multi-wall 
carbon nanotube (MWCNT).  
     
Figure 1. Chemical structures of various forms of carbon. Diamond, graphite, and amorphous 
carbon represent macroscopic systems, while nanotubes and graphene represent microscopic 
systems.24 
Hydrothermally combining these materials to create hybrid graphene materials, allows 
for the modification of the physical and electrochemical properties. By establishing a 
relationship between the electrochemical properties and the surface morphology, the 
optimal concentrations of precursor chemicals can be used during hydrothermal synthesis 
to develop more efficient thermoelectric materials. Development of these materials into 
aerogels further increases the surface area, through development of a porous or 
mesoporous nanostructure along with a complex surface morphology. This leads to an 
increase in the number of exposed chemically active sites, which increases the electron 
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transfer or redox reaction rate and modifies the electrical conductivity of the materials. 
The presence of air pockets within the material creates a type of insulation against the 
exchange of heat, allowing a temperature gradient to be maintained. The carbon based 
electrodes used in biosensing experiments were created using thin films cast onto several 
substrates. The base materials were GO, rGO, and NFG which were decorated with metal 
nanoparticles and coated with a protective polyaniline coating. 
1.4 Electrochemical Energy Conversion and Storage 
  As more renewable sources of electricity are employed, it will become 
increasingly important to be able to store electricity efficiently, for extended periods of 
time, and in a way that can be repeatedly cycled without fatigue. Currently, the best 
technology relies on rechargeable secondary Lithium-ion battery (LIB) due to a high 
specific energy density. However, this technology is limited because of kinetic problems 
in the cathode and anode (electrodes) materials. This is attributed to the slow diffusion of 
ions from the electrolyte in the materials and a lack of access to reaction sites.3 Fine-
particle or nanocarbon materials have shown significant promise as electrodes better 
suited for electrochemical energy storage. In fact, it acts as a double-layer ultracapacitor. 
This is because there is a double-layer capacitance, which arises from the intermolecular 
forces forming layers of positive and negatively charged ions at the particle/solution 
interface. This pseudo-capacitance can increase the maximum amount of storable energy 





Figure 2. Shown is the evolution of electrostatic energy storage, beginning with a simple film 
capacitor, then the addition of an electrolyte, followed by a supercapacitor, which has both 
electrostatic and electrochemical storage capabilities.4 
Current research is aimed at developing better electrodes to increase stability, power 
density, life cycle, and improve safety.3 Carbon, being a very versatile element, is found 
in many vastly different configurations, with highly varied microstructures which cause 
differing redox reaction properties, making it an excellent material with which to develop 
high efficiency electrodes. It is proposed that tuning of the inter-planar spacing of 
graphene sheets will allow more access to the reaction sites by the lithium ions, thereby 
improving electrode kinetics and increase the efficiency of the device. 5  Mesoporous 
carbon, having a high surface area, shows high electrical conductivity, as well as 
chemical and mechanical stability, making it an ideal material for the development of 
these electrodes as ‘organic’ thermal energy harvesters.6 
1.5 Thermoelectric Energy Conversion  
Thermoelectric generation of electricity was first demonstrated by Thomas 
Johann Seebeck in 1822, when he was able to produce thermoelectric voltage by 
establishing a temperature gradient between two dissimilar materials.  
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1.5.1 Thermoelectric Energy Harvesting Principle 
The Seebeck coefficient (Se) is generally defined as the change in potential 
divided by the temperature difference, i.e. Se =  
∆𝑉
∆𝑇
. The most effective thermoelectric 
materials to date have been found to be semiconductors. Thermoelectric materials also 
have the advantage of being solid-state, making them more mechanically stable. These 
devices consist of two dissimilar materials, with two different Seebeck coefficients 
connected in series across an established temperature gradient. This set up is used to 
generate thermopower as shown in Figure 3.  
 
Figure 3. Schematic of thermoelectric circuit, set up for power generation. 
Semiconducting materials are typically doped to create the desired n or p-type behavior, 









Figure 4. Increasing carrier concentration improves Seebeck coefficient and electrical 
conductivity in semi-conductors, until the maximum is reached, where the effect is reversed.8 
The Carnot efficiency (η) represents the maximum efficiency of converting 
thermal energy into output work. It is defined as the ratio of work output divided by input 
energy. Thermoelectric efficiency can be related to the open circuit voltage (Voc), short-
circuit current density (jsc) and the temperature difference (ΔT), or gradient. Another way 
to assess the performance of thermoelectric devices or thermocells is the figure of merit 
(FoM) i.e. 𝑧𝑇 =  
𝑆𝑒2×𝜎×𝑇
𝜅
, where σ represents the electrical conductivity, κ represents 
thermal conductivity, T represents absolute temperature and Se is Seebeck coefficient. 






, where zT is 
the thermoelectric FoM and 
∆𝑇
𝑇ℎ
 is the Carnot efficiency. 
While there are thermodynamic cycles which can effectively harness 
thermoelectric energy, such as the Rankine and Sterling cycles, it becomes difficult to 
maintain high efficiencies on low scales, such as below 100 Watts. Thermoelectric 
materials seem to be a good candidate to fill this niche. A major problem that arises from 
thermoelectric materials involves unwanted heat transfer. The transfer of heat along the 
temperature gradient causes a decrease in the total temperature difference, which lowers 
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the delta T and ultimately the electrical output. Therefore, the ideal material for this 
application should have high electrical conductivity, with moderate or low thermal 
conductivity.7 
1.5.2 Thermoelectric Materials (Inorganic and Organic) 
The first thermoelectric device, in 1961 was a SiGe thermoelectric material used 
in combination with radioactive materials to create a radioisotope thermoelectric 
generator for a space-based system, with efficiencies as high as 6.6% being achieved. 
This system has been in operation for 34 years on the Voyager space missions, indicating 
the robustness of the system. However, these devices were bulky, weighing 37.7 kg.7 
Additionally, inorganic systems present several challenges including: high cost to 
efficiency, difficult processing, high toxicity, and size limitations.  
 
Figure 5. zT vs temperature shown for traditional (semi-conductor) p- and n-type thermoelectric 
materials.8 
Development of carbon nanomaterials, such as GO, rGO, MWCNTs, and 
SWCNTs into ‘organic’ thermocells has been found to offer some unique advantages. For 
example, thermocells have been created using MWCNT materials demonstrating up to 
1.4 of the Carnot efficiency, which is three times higher than previously reported 
thermocell results. 9  Some other advantages of nanocarbon over inorganic materials 
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including low cost compared to efficiency, easier processability, low toxicity, and the 
ability to be cast into desirable and conformal shapes. However, these materials have not 
yet been able to reach figures of merit similar to the inorganic materials. Our focus here 
is on aerogels created from graphene nanomaterials. We chose to develop our materials 
into aerogels to increase the specific surface area. We also included a cross-linking 
material to improve electrical conductivity of the samples. It is also proposed that the 
inclusion of air pockets in the material will create a type of insulation, causing the 
thermal conductivity to decrease, allowing for higher zT values to be achieved, due to its 
inverse relationship with thermal conductivity.  
1.6 Thermo-electrochemical Energy Harvesting 
Thermo-electrochemical energy harvesting is a variation of thermoelectric energy 
conversion described above except with the presence of a base electrolyte and/or a redox 
coupled solution. As for the materials systems, the carbon-based nanomaterials are 
employed since they have been extensively studied and found to be promising for 
electrochemical energy storage and conversion systems. Our research in this thesis 
focuses on the introduction of potassium ferro-/ferricyanide redox couple 
(K4Fe(CN)6/K3Fe(CN)6) in a base electrolyte of sodium sulfate (Na2SO4) to convert our 
thermoelectric system into a thermo-electrochemical system. This redox couple is 
attractive due to a reversible one electron transfer process which produces a high 
exchange ion current and larger reaction entropy. In this device, a temperature gradient 
causes a localized change in the electrochemical potential of the redox couple at the 
electrode surface; resulting from the cold cathode and hot anode being in different states 





Figure 6. Schematic of a thermo-electrochemical device using the ferro-/ferricyanide redox 
couple as the electrolyte. 10 
Therefore by combining this effect with the thermoelectric effect we can create thermo-
electrochemical energy harvesting devices that derive benefits of aerogels, the redox 
properties of the electrolyte, and the excellent redox kinetics to enhance the 
thermoelectric coefficient and increase the amount of thermoelectric power generated.  
1.7 Electrochemical Biosensing 
 Biosensors are another integral part of homeland security sciences in the field of 
bio-nanotechnology. In this work, we developed a multilayered platform which interacts 
directly with biomolecules, here ascorbic acid (AA), allowing for the ultrasensitive, linear 
analysis of the analyte species electrochemically. 11  This response is recorded as an 
electrical current which is directly and linearly related to the concentration of the target 
analyte. 12  Briefly, AA can be used as a substitute for black powder in improvised 
explosive devices (IEDs).13 When combined with potassium perchlorate (KClO4), AA 
can create an explosive mixture which contains no nitrogen or sulfur compounds, thereby 
making it more difficult to detect by traditional means. It has also been reported that the 
use of AA as a propellant in IEDs is on the rise within the United States. From health 
perspective, AA is also known as vitamin C, which is known for its reductive properties, 
that is being easily oxidized into dehydroascorbic acid (DHA). Ascorbic acid is known as 
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a powerful free radical scavenger, helping the human body to effectively eliminate free 
radicals, which have been linked to a number of diseases such as scurvy14  as well as 
premature aging. Another application exists in monitoring food for contamination, either 
natural or intentionally induced.15 
Previously, graphene-based platforms have been found to show great potential 
towards amperometric AA biosensing. 16  While oxygenated functional groups limit 
electrical properties, incorporating nitrogenized functional groups (pyridine and pyrrole), 
which yields n-type characteristic, improves redox properties and enhances the sensitivity 
of the device towards the analyte(s).17 
 
Figure 7. A proposed chemical structure of nitrogen functionalized graphene oxide (NFG). 18 
Building on this knowledge base, we created nitrogen functionalized graphene (NFG) 
samples on various substrates including graphite foil (GF), fluorinated tin oxide (FTO), 
and graphite rods (GR) followed by decorating them with noble metal nanoparticles (gold 
and silver), to enhance the electrical conductivity and redox activity. These samples were 
then coated with a conducting polymer (polyaniline - PANi) layer to increase mechanical 
and chemical stability, as well as electrical conductivity. Several samples were prepared 
keeping in view the addition of each layer and they were tested electrochemically to gain 
insights into the role of each additional material (i.e. from graphene to metal 
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nanoparticles decorated graphene and the entire multilayered architecture). We also 
performed detailed microscopic structural characterization of these samples. Other 
beneficial properties of PANi include facile chemical synthesis, low-cost, low toxicity, as 
well as excellent redox and electrical conductivity properties. It has previously been 
demonstrated that addition of gold nanoparticles (AuNPs) on to GO has created an 
effective biosensing device for AA detection.16 We have tested the replacement of gold 
nanoparticles with silver nanoparticles (AgNPs), due to their antimicrobial properties. 
1.8 Characterization Techniques 
All materials were sampled to characterize microstructure, thermoelectric, and 
thermo-electrochemical properties. This information will be used to develop a 
relationship between the structure of the materials and the electrochemical activity. 
Through the development of this relationship, the materials can be fine-tuned to enhance 
the desirable properties, allowing an increase in figures of merit, for example. 
1.8.1 Electron Microscopy and Vibrational Spectroscopy 
All of the samples were characterized for surface morphology, lattice vibration, 
bond hybridization, and electrochemical properties. Scanning electron microscopy (SEM) 
images were taken with an instrument (Model JSM-6510LV, JEOL Ltd., Peabody, MA, 
USA) operating at a primary electron acceleration voltage (Vacc) of 10-20 kV with a LaB6 
filament to characterize topological effects and surface morphology. Transmission 
electron microscopy (TEM) images were taken to provide nanoscale structure and 
morphology, helping to determine tomography, as well as interplanar spacing for 
capturing hierarchical mesoporosity.19 These images were taken using a JEOL 1400Plus 
operating in cryo-EM mode at 100 kV and 1 nA with a JEOL-Be specimen holder, IXRF 
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Systems software and hardware, and a Gresham SiLi detector with Moxtek Ap3.3 
window. An 8 megapixel advanced microscopy technique (AMT) bottom-mounted 
digital camera was used to capture images. Selected area electron diffraction was also 
performed using this machine along with a 0.10 μm aperture, allowing a small spot size. 
The beam was spread to increase electron coherence length at the samples. In electron 
tomography, single axis tilt-series are collected and processed using “SerialEM” IMOD 
and eTomo software (developed by the University of Colorado, Boulder, CO, USA). The 
tomography software is fully integrated with the AMT digital camera. The TEM samples 
were created using ethanol dispersions, before being allowed to air dry onto commercial 
carbon copper grids (Ted Pella, CA, USA). 
Raman spectra were measured to determine the lattice vibrations, using a Raman 
spectrometer (Model InVia Renishaw plc, Renishaw, Hoffman Estates, IL, USA) 
equipped with a laser excitation wavelength of 633 nm and edge filters, which truncate 
the data below approximately 100 cm-1. Extreme care was taken to avoid sample damage 
from laser-induced thermal degradation by using the laser at only 1% power. This 
machine collects the light using a CCD camera in a backscattering geometrical 
configuration. Samples were measured through the range of 120 cm-1 to 3400 cm-1. From 
these measurements, the number defect density can be extracted, as well as information 
about the lattice stress and strain. Raman spectroscopy was also used to verify the 
presence of PANi, after electropolymerization, through the characteristic fingerprint 
region included in Raman spectra.20 
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1.8.2 Electrochemical Properties 
 All biosensing and electrochemical measurements were taken using an 
electrochemical workstation (Model 920D CH Instruments, Inc. Austin, TX, USA) with a 
three-electrode customized electrochemical cell consisting of an Ag/AgCl reference 
electrode and a platinum wire auxiliary (counter) electrode. 
 
Figure 8. Schematic of a single-compartment three-electrode electrochemical cell.21 
Cyclic Voltammetry (CV): CV is a traditional electrochemical measurement in 
which the working electrode potential is varied in a cyclic manner, e.g. triangular wave, 
at a particular scan rate while recording the ionic current. This method provides insights 
into the redox kinetics and ion transport.22 By varying scan rate, CV provides a measure 
of redox in terms of mass transport or diffusion kinetics. CV was measured for all 
biosensing samples in phosphate buffer saline (PBS, 0.05M) both in the presence and 
absence of redox mediator (potassium ferricyanide; K3Fe(CN)6, 5mM), as well as with 
base electrolyte PBS and the target analyte, ascorbic acid (AA, 25mM). The CV scans 
were performed without PANi coating at scan rates 10, 20, and 50 mV/s and at 10, 20, 50, 
80, 100, and 200 mV/s, for samples with polyaniline. 
Electrochemical Impedance Spectroscopy (acEIS): At low frequencies, the cell 
mimics a capacitor with a resistive component arising from a combination of charge 
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transfer resistance (Rct) and Ohmic solution resistance. This mode probes for the complex 
impedance (real Z’ and imaginary Z’’ parts), phase (ɸ), and frequency (ɷ).23  
 
Figure 9. In cyclic voltammetry (CV, top) the potential is varied linearly and the current is 
recorded. Differential Pulse Voltammetry (DPV) (2nd from top) uses incremental potential steps 
while current is sampled before application of the pulse and right before termination of the pulse. 
Amperometric i-t (3rd from top) applies a constant potential and records current. A.C. impedance 
(acEIS) applies a sine wave onto a base potential and varies the frequency while measuring 
current and potential, giving both real and imaginary impedance data. 
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acEIS was run over a frequency range of 0.01 Hz to 98 kHz at a potential of 0 Volts, with 
a 10 mV amplitude alternating current, in solutions of PBS (0.05M), PBS with potassium 
ferricyanide (5mM), and PBS with ascorbic acid (25mM).  
Differential Pulse Voltammetry (DPV): This technique applies intermittent 
electrical pulses, where the base potential is increased steadily in small increments. 
However, the pulse height remains constant throughout the experiment. The current is 
sampled before the application of the electrical pulse and a second time immediately 
before the relaxation of the pulse. The final result is displayed as the difference in the 
current at these two points, versus the base potential.23 DPV was run on the samples in 
the range of -0.6 to 1.6 volts with 5mV increments at amplitudes of 25 and 50 mV. These 
experiments were repeated with solutions containing only PBS (0.05M), PBS and 
potassium ferricyanide (5mM), and PBS with ascorbic acid (25mM). 
Amperometry: This technique was run in two electrode mode, where a small, 
constant potential is maintained between the electrodes. Since the electrodes are in series, 
within an electrical circuit, the anodic current and cathodic current will be equal when the 
system is at equilibrium and the electrode potential will shift to equilibrate the anodic and 
cathodic currents, with increasing concentration of analyte.23  
Scanning Electrochemical Microscopy (SECM): SECM is the advanced form of 
electrochemical probing and mapping. The electrochemical response between the sample 
and the solution is measured in a micro-electrode configuration. This configuration 
includes a custom designed Teflon holder with an opening through which the sample can 





Figure 10. (a) SECM schematic (b) tip is too far from substrate (c and d) tip is in appropriate 
place, but substrate (insulating vs conducting) causes subtle differences in current response.24, 23 
The tip, or working electrode has the potential controlled by a bi-potentiostat, the 
substrate can also be controlled in this manner. The tip is physically moved using piezo 
controllers. It is vital to have the tip very close to the substrate, but not in contact. The tip 
and sample are submerged in a solution which contains an electrolyte and the species of 
interest. When the tip is far from the substrate, there is a calculable steady state current 
(iT,∞), which is defined as: 𝑖𝑇,∞ = 4𝑛𝐹𝐷𝑜 𝐶0
∗𝑎, where a is the tip electrode radius, n is the 
stoichiometric number of electrons, and F is Faraday’s constant. When the tip is close to 
the substrate, the substrate can have either a dampening or an enhancing effect on the 
current, depending on if the material acts as an insulator or a conductor. Approach curves 
are used to determine the nature of the substrate. This type of experiment has results 
which are presented in dimensionless form, removing the dependence on disk diameter, 
diffusion coefficient, and solute concentration. This can give information about the tip 
geometry as well.23  
1.8.3 Temperature Dependent Electrical (I-V) Properties 
The thermoelectric samples, coated onto glass slides, were placed on top of a 
rubber heating pad (Model Omegalux SRMU 100101-0, Omega Engineering, INC, 
Norwalk, CT, USA) and the potential applied to the heating pad was used to vary the 
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temperature. During this process, the thermoelectric properties of the samples were 
measured iteratively at the various temperatures, using an instrument (Model Keithley 
2400 Source Meter, Tektronix, Inc., Beaverton, OR, USA) specially designed for this 
task (see Figure 11). The instrument was set to vary the potential through the range -5 to 
+7 volts, while measuring the current produced by the sample, through the circuit, using 
0.5 volt increment steps and graphing the results. Once this was completed, an electrolyte 
solution of 15 mL of 0.4 M sodium sulfate (Na2SO4) and 1 mL of 5 mM potassium 
ferricyanide (K3Fe(CN)6) was applied, dropwise to the top of the sample, and the 
measurements were repeated at several settings of the heating pad in the presence of the 
electrolyte. The electrolyte was replenished dropwise, as it dried from heating, to 
maintain a slightly damp physical appearance of the sample.  
 





Chapter 2: Synthesis and Properties of Graphene-based Mesoporous 
and Functionalized Graphene Nanomaterials 
 This chapter serves to introduce the synthesis of graphene and carbon nanotube 
composite aerogels and nitrogen functionalized graphene. The hydrothermal synthesis 
and solution chemistry processes used to produce these novel graphene-family 
nanomaterials are now described. The resulting materials were analyzed using scanning 
electron microscopy, transmission electron microscopy, selected area electron diffraction, 
Raman spectroscopy, temperature dependent electrical properties, and advanced 
electrochemical microscopy. 
2.1 Synthetic Approaches 
 We obtained graphene, prepared through the modified Hummer’s method, 
commercially in the form of GO, as well as MWCNTs and SWCNTs as precursor 
materials. These materials were modified in multiple ways to generate our final materials.  
2.1.1 Graphene-Carbon Nanotube Aerogels 
Graphene aerogels were synthesized by following two separate methods, referred 
to as approach 1 and approach 2. Approach 1 began by making two dispersions. The first 
was MWCNT being dispersed in ethanol at a concentration of 2.5 mg/mL along with a 
small amount of PVP (Polyvinylpyrrolidone, 2.5 mg) to act as a binder. This solution was 
ultra-sonicated for 4.5 hours to ensure adequate dispersion. The second solution was a 
GO dispersion in DI water at a concentration of 2.0 mg/mL. This solution was then ultra-
sonicated for 4.5 hours. Once both of these solutions were created, they were mixed 
together in varying ratios to create an array of aerogel precursor solutions. Solutions were 
created with only the MWCNT mixture, only the GO mixture, then 2, 3, 5, and 7 parts 
GO solution to 1 part MWCNT solution with EDA (Ethylenediamine, 0.56mL) being 
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added to each solution. Solutions were also made using single wall carbon nanotubes 
(SWCNTs), with GO in the ratios of Gr:SWCNT 2:1, 5:1, and 1:7. These solutions were 
shaken to homogenize, and then heated in a hydrothermal chamber (180 0C, 18 hours). 
Some of these solutions were then nitrogen functionalized through the addition of 
ammonium hydroxide (NH4OH, 13.4mL to each 70 mL of solution), followed by heating 
in the hydrothermal chamber (90 0C, 1 hour). Once the solutions were created, they were 
separated into small volumes, frozen with liquid nitrogen, and then put into a freeze dryer 
(Model 7811000, CentriVap Cold Trap, Kansas City, MI, USA) for 3 days to remove the 
moisture and create the aerogels.  
Approach 2 consisted of creating MWCNT and GO dispersions and then mixing 
them together in proper ratios to create 100 mL solutions. To these solutions, resorcinol 
(0.247g), formaldehyde (0.358g), and Sodium Carbonate (Na2SO4, 0.0012g) were added.  
Table 1. Complete list of aerogels synthesized and analyzed in this work. 1st column approach 1 
multi-wall aerogels, 2nd column nitrogenated approach 1 multi-wall aerogels, 3rd column approach 
1 single-wall aerogels, 4th column nitrogen doped single-wall aerogels, 5th column approach 2 
multi-wall aerogels. 
Gr:MWCNTapp1 N-Gr:MWCNTapp1 Gr:SWCNT app1 N-Gr:SWCNT app1 Gr:MWCNT app2 
    CF 
MWCNT N-MWCNT SWCNT N-SWCNT MWCNT 
Gr:MWCNT2:1 N- Gr:MWCNT2:1 Gr:SWCNT2:1 N- Gr:SWCNT2:1 Gr:MWCNT2:1 
Gr:MWCNT3:1 N- Gr:MWCNT3:1   Gr:MWCNT3:1 
Gr:MWCNT5:1 N-Gr:MWCNT5:1 Gr:SWCNT5:1 N-Gr:SWCNT5:1 Gr:MWCNT5:1 
Gr:MWCNT7:1 N- Gr:MWCNT7:1   Gr:MWCNT7:1 
GA NGA NGAth  GA 
    Gr:MWCNT1:3 
  Gr:SWCNT1:7  Gr:MWCNT1:7 
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These solutions were heated (85 0C, 3 days) to create a gel. This gel was then triple 
washed with acetone, removing any residual water. The samples were then frozen with 
liquid nitrogen and put into a freeze-dryer for 3 days to remove the remaining moisture, 
creating the aerogels. These aerogel samples were then pyrolyzed (250 0C, 5 hours) under 
vacuum to increase crystallinity.  
2.1.2 Nitrogen Functionalized Graphene 
 Nitrogen functionalized graphene (NFG) was created from the GO by first 
suspending 100 mg into a solution containing 10 mL of 400 μM 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and 10 mL of 100 μM N-Hydroxysuccinimide 
(NHS) in DI water. This solution was mixed on a stir plate for 4 hours at room 
temperature, before being separated by temperature controlled centrifuge at 4,000 rpm 
and 5 0C, for 10 minutes (Model Sorvall Lynx 4000 Centrifuge, Thermo Scientific, 
Waltham, MA, USA). This material was repeatedly washed with DI water to remove 
residual chemicals, and dried at 45 0C, resulting in a powder. We measured 10 mg of this 
material and refluxed it with 20 mL of N,N-Dimethylformamide (DMF) for 1 hour. The 
product was then washed with DI water, separated by centrifuge, and finally dispersed in 
DI water, through ultrasonication, at a concentration of 2.5 mg/mL.25  
2.1.3 Aerogel Electrodes  
 The aerogels were crushed and a solution of NMP (N-Methyl-2-pyrrolidone) and 
PVP (Polyvinylpyrrolidone) was added dropwise, as a binder, creating slurry. This slurry 
was molded to geometrically match metal spacers, and allowed to air dry into a 
monolithic structure, before being pasted to the metal spacers, using a colloidal silver 
paste. Paper membrane spacers were soaked in an electrolyte solution of 15 mL of 0.4 M 
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sodium sulfate (Na2SO4) and 1 mL of 5 mM Potassium Ferricyanide (K3Fe(CN)6), of 
which 3 were placed between two metal spacers with sample pasted to them, to create the 
coin cell set up.  
Additionally, electrodes were constructed atop a glass substrate made from a 
microscope cover glass of dimensions 18x18 mm2 (Alpha-Chem, Ambala, Haryana, 
India). A thin layer (200 nm) of aluminum was deposited onto the glass using a 
prefabricated cover slide to restrict deposition to the desired pattern, employing a thermal 
evaporation machine (Model TH3-2KW-UPGRD-EBIP, Torr International, Inc., New 
Windsor, NY, USA) to deposit the metal. The slurry was then molded to match the 
geometry on the substrate and placed on top of the metal stripes. Samples were then 
allowed to air dry. 
2.2 Results and Discussion 
 This section aims to characterize the physical and electrical properties of the 
electrodes and materials, whose synthesis was previously described. 
2.2.1 Graphene-based Aerogels 
Surface morphology: SEM and TEM are used to assess the surface morphology of 
the samples. This represents a major factor in the development of nanostructured 
materials as useful devices. On the nanoscale, shape has a heavy influence on physical 
and chemical properties. Nanoparticle distribution determines the nature of the way the 
sample interacts with the analytes.26 Aerogels were analyzed to show the development of 




Scanning electron microscopy: Scanning electron microscopy (SEM) images 
were taken of all aerogels, and a representative sample has been included below. When 
GO is synthesized into an aerogel, it creates a web-like interconnected network of sheets 
of graphene folded onto each other, with many exposed boundaries. When SWCNTs are 
made into aerogels, they form a more globular type morphology. The materials made 
with combinations of GO and CNTs are found to have intermediate morphologies, 
depending on the v/v ratio of precursor solutions used.  
 
Figure 12. SEM images of various composition aerogels, first column represents non-
nitrogenized aerogels from approach 1, second column represents nitrogen doped aerogels 
approach 1, and the third column represents approach 2 aerogels. 
The graphene based aerogels with a higher concentration of graphene (i.e. 
Gr:MWCNT7:1) show more web-like morphology, in contrast to the low graphene 
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concentration aerogels (i.e. Gr:MWCNT2:1) showing the globular morphology. There is a 
high level of interconnectedness that is observable in these SEM images. This is 
indicative that the cross-linker addition was effective in creating continuous samples. 
However, it is apparent that the samples have huge topological variations, making the 
effective area very difficult to calculate precisely, but facilitating the understanding of the 
topological variations on the electrical properties of the samples.  
Transmission electron microscopy: Transmission electron microscopy (TEM) 
images were taken to analyze the nanoscale surface morphology of the samples. TEM 
images are not able to show lattice defects, such as dislocations and stacking faults; this is 
because TEM uses electrons instead of photons to image samples. As an electron has a 
much shorter wavelength (λ), a much better resolution can be achieved than when using 
an optical microscope. A downside to this is that the samples must be very thin to be 
transparent to the incident electrons.27 TEM is a powerful tool for determining atomic-
resolution lattice images, as well as selected area electron diffraction spectroscopy 
(SAED).28 Electron diffraction is the result of an electron interacting with the atoms of 
the sample. The wavelike properties of the electron cause iterative interactions, which 
generate a diffraction pattern. In crystalline materials, these patterns can be analyzed to 
understand the atomic spacing in the materials. These images are taken in two different 
modes of the TEM, generating what are termed bright-field (BF) and dark-field (DF) 
images. The TEM has two beams of electrons, one is directly incident on the sample and 
the other is a deflected beam. An image from the direct beam creates a BF image, while 
an image created from the scattered electron beam is called a DF image.27 We used these 
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observations, in combination with the electric properties to link the physical properties of 
the materials to the thermoelectric properties, including the Seebeck coefficient. 
 
Figure 13. Shown here are TEM images and corresponding SAED images for several aerogel and 
precursor materials. Dark-field and bright-field images are shown here. 
Raman spectroscopy: Raman spectroscopy (RS) was performed and analyzed for 
all aerogel samples, allowing the determination of defect density, as well as information 
on the lattice phonons. The data was normalized with respect to the highest intensity peak 
(i.e. G-band) for the results to be comparable and meaningful. This non-destructive 
technique is used to identify graphene layers and band variations. The prominent peaks of 
interest in graphene-family nanomaterials are defined as the D-band (~1350 cm-1), G-
band (~1600 cm-1),  2D band (~2700 cm-1), D+G-band (~2950 cm-1), and 2G-band 
(~3200 cm-1).29 Through analyzing the ratio of the D-band to the G-band intensity, we 
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obtained the defects number density in the atomic lattice. This is determined through the 
relative intensity of the disorder-activated D-band. The G-band is invariably present in 
the sp2 bonded carbon systems arising due to C-C tangential stretching. By using the 
following equations: 𝐿𝐷
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) , 30  we obtained various structural 
parameters relevant to establish structure-property-activity relationships.  
Nitrogen doping is introduced to increase n-type characteristics of the materials. 
Un-doped or oxygenated samples are typically p-type and thus by combining the n-type 
and the intrinsic p-type characteristics of the samples, we are able to create thermoelectric 
and thermo-electrochemical energy harvesting devices. From the Raman spectra shown 
below, one can see that the carbon nanotube aerogels increase the intensity of the 2D 
band. It is also apparent that the amplitude of this peak is generally decreasing as the 
ratios become more graphene rich. Nitrogen doping in graphene and MWCNTs causes 
the 2D band to be dampened significantly. However, nitrogen doping of the SWCNT 
samples initially increased the amplitude of the 2D band (as in the case of N-
Gr:SWCNT2:1), but then it dampens the peak in the N-Gr:SWCNT5:1 sample. These 
Raman spectra were analyzed to determine the band position, intensity, integrated area, 
and HWHM of the peaks. The second order peaks are not present in all samples 
consistently. The 2G-band is the band that is not seen the most often, as it is missing in 





Figure 14. RS are shown for all aerogel materials, multiwall approach 1 (top right), nitrogen 
doped multiwall approach 1 (lower left), single wall approach 1 (upper right), and approach 2 
aerogels (lower right) with a carbon foam (CF) base. 
It has been previously determined that when graphene is strained at the atomic 
level, it causes the G and 2D-bands to be red (negatively) shifted (-14.2 cm-1 and -27.8 
cm-1 per 1% strain), relaxation of strain causes a blue (positive) shift, uniaxial strain plays 
a larger role than shear strain. These results have been used to tune the bandgap of 
graphene.31 However, most of the samples show very consistent peak positions, with 
small fluctuations being attributed to varying the ratio of graphene to CNTs, especially 
since the shift is not consistent between the G and 2D bands. CNTs can have 
semiconducting or metallic properties, which has been attributed to lattice strain, and 





Figure 15. RS Graphs showing the band positions of the (top to bottom) D, G, 2D, and 2G bands 
for all aerogel samples. 
 The analysis shown in Figure 16 indicates that the number defect density (nD) is 
of the same order for all sets of samples except the SWCNT aerogels, which are an order 
of magnitude higher. The LD values represent the defect separation distance and the La 
values represent the cluster size. These values indicate that the carbon foam has the most 





Figure 16. Analysis of the RS is shown here, giving numerical values for La (cluster size), Ld 
(linear defect separation distance), and nD (number defect density). Solid circles indicate ID/IG, 
whereas circles containing an ‘X’ indicate La, Ld, and nD. 
Electrical property characterization: I-V versus temperature properties were 
measured under ambient conditions and in the presence of the electrolyte/redox mediator 
solution. From these graphs, the slope was extracted at each individual temperature, and a 
table was created to analyze the results allowing for the derivation of values for the 






]  where R is resistance 
(from I-V), L is the distance between electrodes, and A is the cross-sectional area. Since 
our FoM is directly proportional to σ, the higher the value the more efficient the 
thermoelectric material. These values were plotted against temperature, as shown below 
in Figure 17. Representative plots of Sigma (σ, electrical conductivity) vs temperature 
under ambient conditions (left) and with electrolyte (right) showing MWCNT aerogels 
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(top), SWCNT aerogels + N-SWCNT aerogels (middle), and N-MWCNT aerogels 
(bottom). Experiment described in section 1.8.3.. 
 
Figure 17. Representative plots of Sigma (σ, electrical conductivity) vs temperature under 
ambient conditions (left) and with electrolyte (right) showing MWCNT aerogels (top), SWCNT 
aerogels + N-SWCNT aerogels (middle), and N-MWCNT aerogels (bottom). Experiment 
described in section 1.8.3.  
The electrical conductivity of these samples demonstrates mostly semiconducting 
behavior, allowing the bandgap to be tuned, as indicated by the general increase in σ with 
increasing temperature. An interesting result is shown in the SWCNT aerogels (middle), 
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where the Gr:SWCNT2:1 (red) and N-Gr:SWCNT2:1 (olive green) are shown on a single 
graph. Ambient conditions show an almost semi-symmetrical, opposite responses in the 
range below 350 oK. However, the addition of the electrolyte causes the curves to 
superimpose and become almost indistinguishable. These observations allow us to 
optimize the electrical properties of the materials, while hopefully not affecting the 
thermal conductivity. The aerogel samples were introduced to the temperature gradient 
setting in order to determine the Seebeck coefficient, under ambient condition, as well as 
in the presence of the electrolyte/redox mediator solution. It is also interesting to note 
how the response for NGA approach 2 (bottom graph, olive green solid line) changes 
character with the addition of the electrolyte/redox mediator solution. The addition of the 
solution facilitates the electron/ion transport, which subsequently is anticipated to 
improve the Seebeck coefficient and ultimately the figure of merit (zT). The square of the 
Seebeck (Se2) is proportional to the FoM i.e. 𝑧𝑇 =  
𝑆𝑒2×𝜎×𝑇
𝜅
, such that a high Se 
coefficient will allow for the fabrication of the most efficient devices.  
Optimization can also include lowering the thermal conductivity. In general, 
thermal conductivity of the aerogels in ambient condition (room temperature, 298 oK) is 
at least one to two orders of magnitude lower than their precursors. For instance, the 
thermal conductivity of SWCNT and MWCNT ranged from 15-500 W/m*K as compared 
to the aerogel counterparts which ranged from 0.01-0.05 W/m*K32,33,34. In addition to the 
porous microstructure, the thermal conductivity will be further influenced by the addition 
of the electrolyte. The addition of liquid will likely improve the conductivity with 
increasing temperature, since the separation of the molecules will increase corresponding 
to increased temperature, which should improve the overall thermocell efficiency. 
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Nitrogen doping was expected to change the behavior from the intrinsic p-type that was 
observed in approach 1 to an n-type behavior. Nitrogen doping should increase the 
number of carriers (electrons) since nitrogen inherently has one lone pair for each fully 
bonded atom. This should create asymmetric electron clouds, which have been linked to 
lower thermal conductivity values (κ), leading to increased FoM.35  
SECM: Following morphological and structural bonding characterization, we now 
focus on the advanced electrochemical properties of synthesized aerogels as well as GO 
and rGO for comparison. With several advantages of electrochemical properties similar 
to traditional graphene and emergent functionalized graphene nanomaterials, graphene 
aerogels are also applicable as novel electroanalytical platforms. Moreover, the tunable 
morphology of mesoporous graphene allows them to act as multifunctional nanomaterials 
that present exciting opportunities. Scanning electrochemical microscopy (SECM) is used 
to obtain local quantitative information of reaction rates, to probe charge transfer and ion 
transport dynamics, and to determine electroactive adsorption site density. By detecting 
redox reactions occurring in a small region in close proximity to the electrode surface 
(probe approach and feedback modes), SECM monitors electrochemical (ionic and 
electronic) currents to be mapped and chemical reactivity correlating with the 
morphological structure. Figure 18 shows the schematic of SECM (Scanning 
Electrochemical Microscopy) used to investigate physicochemical properties and to 




Figure 18. In a micro-configuration, the dominating effect is expected to be convergent diffusion 
(bottom), as opposed to the macro-configuration (top) which would be dominated by planar 
diffusion.36  
SECM (Cyclic Voltammetry): The first technique used was cyclic voltammetry 
(CV). We measured cyclic voltammograms at two scan rates, 10 mV/s and 20 mV/s, and 
the representative graphs are shown in Figure 19. Cyclic Voltammograms for SWCNT 
aerogels (top), nitrogen doped approach 1 aerogels (middle), and approach 2 aerogels 
(bottom) at two different scan rates 10 mV/s (left) and 20 mV/s (right). When the curves 
can be superimposed on top of one another, the reaction is reversible. Faster scan rates 
increase the likelihood of exposing linear diffusion peaks.23 This is due to a decrease in 
the thickness of the diffusion layer, allowing higher currents to be recorded.37 However, 
the CV curves can be hard to analyze due to the supercapacitive nature of our nanoscale 
carbons. Acting as a supercapacitor, a double layer capacitance builds up around the 
electrodes, making the likelihood of recombination of produced species increase, causing 
the response to be dampened and the peaks less well defined. All of the SWCNT aerogels 
appear to have an increase in the area between the oxidation and reduction curves when 




Figure 19. Cyclic Voltammograms for SWCNT aerogels (top), nitrogen doped approach 1 
aerogels (middle), and approach 2 aerogels (bottom) at two different scan rates 10 mV/s (left) and 
20 mV/s (right) all measured in PBS + K3Fe(CN)6. 
In Approach 2, it appears from the CV curves that the addition of carbon foam causes the 
reaction to be more reversible, since the two curves are nearly identical. Figure 19 shows 
cyclic voltammograms (CVs) measured in a single-compartment, three-electrode 
electrochemical cell with an SECM Pt tip (micro-electrode configuration) and an 
electrode of graphene aerogel prepared using approaches 1 and 2, along with GO, rGO, 
and NFG for comparison, in a 0.5 M K2SO4 electrolyte solution along with 5mM 
K3Fe(CN)6 (potassium ferricyanide) to act as a redox mediator for potentials between 
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−0.9 and 0.9 V measured at scan rate 20 mV/s in the microelectrode 
(convergent diffusion, see Figure 18) configuration. The traditional macroscale electrode 
(planar diffusion) CVs for aerogels prepared by approach 1 highlights the unique 
difference in current magnitude when compared with the microelectrode configuration. In 
traditional electrochemistry, the reactions occur across the entire electrode surface 
(macroelectrode configuration), such that the ions’ diffusion from or to the electrode 
surface is planar and the CV response yielding current is described as ‘diffusion-limited’ 
(see Figure 18). However, the diffusion to or from the edge of the macroelectrode is only 
effective up to a point, therefore the current density and rate of mass transport are larger 
at the edge where diffusion becomes convergent (equivalent to the microelectrode), 
which is the case in SECM. Qualitatively, the CV loop was sufficiently rectangular, as is 
desirable for a supercapacitor.  
The as-synthesized multifunctional graphene and Gr-MWCNTs aerogels show 
high specific capacity of approximately 220 F.g-1 and 630 F.g-1, respectively. This 
indicates the presence of high quality few layer graphene sheets in the aerogels, without 
restacking and aggregation during processing. The higher performances are attributed to 
surface and edge functional groups (oxygenated and nitrogenated) in the graphene 
nanosheets. The graphene aerogel prepared using approach 1 and the functionalized 
graphene nanosheets generated one order of magnitude larger peak current signals (~ 
10nA) than those prepared using approach 2 (~ 1nA). The potassium ferricyanide 
[K3Fe(CN)6] is a surface-sensitive redox probe that enables us to distinguish among 
different nanoscale carbons including functionalized graphene surfaces, which is usually 
not possible with an outer-sphere ruthenium hexamine (Ru(NH3)6 redox probe. The 
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analysis of quasi-reversible or heterogeneous ion transport current behavior that helped to 
determine D is governed by the Randles–Ševćik equation for a reversible transfer process, 





2  where A is the geometric area of the 
electrode (cm2), F is the Faraday Constant (C mol−1), D is the diffusion coefficient 
(cm2 s−1), C is the concentration (mol cm-3), v is the scan rate (V s−1), R and T are usual 
constants, and n is the total number of electrons transferred in the electrochemical 
process.23 The diffusion coefficient (D) ranged between 1.5 × 10−9 and 6.7 × 
10−8 m2 s−1 following the order of GO < rGO < NFG; also, approach 2 graphene aerogels 
diffusion was found to be less than approach 1 graphene aerogels diffusion. An increase 
in D values for graphene aerogels, as opposed to GO and rGO nanosheets is attributed to 
tunable surface morphology and nanoscale pore size distribution at meso/nanoscale level, 
thus permitting access to numerous hydrophilic edges as well as basal plane defects and 
surface functional groups, facilitating interactions.  
SECM (Probe Approach): Probe approach was the second method employed. The 
curves were normalized and combined to develop two graphs for the two polarities. Lines 
were fit to these graphs to allow for the determination of the electron kinetics. These 
experiments were run in the presence of the redox mediator, which dominates the 





Figure 20. Probe approach curves for various graphene based aerogel samples. All combination 
aerogels are from approach 1, and empirically fit data is represented by a dashed line.  
We determined the first-order heterogeneous electron transfer rates (kET) following probe 
approach technique for all the aerogels studied in this work. The tip is polarized at 
sufficient potential (+0.4V) to ensure electrochemical redox reaction regeneration and the 
current was recorded (collected) over the polarized electrode surfaces (+0.5V) at two 
polarities (i.e. pol1 and pol2) to determine heterogeneous electron transfer (HET) and to 
visualize the electrochemical activity in feedback mode.  
Figure 20 shows probe approach curves with normalized tip current versus working 
electrode substrate–probe tip distance (L=d/a). The curves that were obtained through 
these measurements indicate that the samples all have a semi-conductive nature, which is 
indicated by the concave shape of the curve. A Pt ultra-microelectrode (radius, 
a=10.0 μm) with RG=2 was adopted as the SECM tip. The tip electrode current (iT) 
reaches asymptotic behavior followed by steady-state current, where n is the number of 
electrons transferred at the electrode tip (O + ne− → R), F is Faraday’s constant, C is the 
concentration or flux of oxidized species, and D is the diffusion coefficient limited by the 
hemispherical region. The feedback current of the tip is dependent upon the HET 
capability of the local area. The normalized feedback current increases gradually with 
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increasing defect density, edge sites and functional groups. With the tip approaching the 
conductive electrode surface, the reduced species (formed at the tip) is oxidized, resulting 
in an increased tip current following: iT > iT,∞  which creates a regenerative “positive” 
feedback loop. The opposite effect is observed when scanning an insulating or 
semiconducting region and diffusion to the electrode is inhibited due to physical 
obstruction, creating a “negative” feedback loop and decreasing the tip current 
(i.e. iT < iT,∞). Alternatively, the Helmholtz region can be evaluated by changing the 
polarity (equivalent to depth profile) and strength of the tip voltage with respect to 
substrate.   
Table 2. Table showing the fit parameters for the probe approach curves at polarity 1 (Vt = 0.5 V, 
Vs = -0.4V) for aerogel samples. 
Sample ID P1 P2 P3 P4 Chi^2 R^2
Approach 1
MWCNT 3.38297 -0.17226 1326.253 6.3411 2.21E-06 0.99302
Gr:MWCNT(2:1) 3.99669 -0.32181 1907.2 9.03116 9.66E-07 0.99535
Gr:MWCNT(3:1) -3.31791 0.00425 -8.7255 3.07184 8.87E-06 0.98064
Gr:MWCNT(5:1) 3.88423 -0.04979 18.26758 2.44253 2.30E-06 0.98931
N-MWCNT 1.17059 -0.0008 2.60118 0.61876 0.00001 0.99538
N-Gr:MWCNT(2:1) 0.3137 -0.00073 1.31976 1.24169 0.00028 0.99254
N-Gr:MWCNT(3:1) 1.76135 -0.00681 8.39241 1.06595 5.42E-06 0.99472
N-Gr:MWCNT(5:1) 0.25705 -0.0002 0.39342 0.85994 0.00029 0.9938
N-Gr:MWCNT(7:1) 0.18831 -0.00016 0.36489 0.99044 0.00073 0.99242
SWCNT 0.21978 -0.00057 0.71625 1.4473 0.00082 0.99012
Gr:SWCNT(2:1) 0.25366 -0.0006 0.69606 1.23552 0.00037 0.99345
Gr:SWCNT(5:1) 1.22978 -0.00582 2.81154 2.91493 0.00002 0.99144
Gr:SWCNT(1:7) 0.42074 -0.00033 0.84875 0.60301 0.00016 0.99153
NrGAth 0.1757 -0.00015 0.3471 0.96478 0.00106 0.99085
N-SWCNT 0.31719 -0.0002 0.67289 0.75405 0.00023 0.99316
N-Gr:SWCNT(2:1) 0.25278 -0.00022 0.57498 1.05701 0.00051 0.99097
N-Gr:SWCNT(5:1) 1.21893 -0.00354 2.32903 2.66738 0.00003 0.98934
NGA 1.10924 -0.06819 189.5015 5.83904 0.00003 0.98836
Approach 2
CF 0.48154 -0.00867 2.37762 3.55335 0.0001 0.99342
MWCNT 0.37197 -0.00575 0.99118 3.59699 0.00018 0.99339
Gr:MWCNT3:1 0.4742 -0.00033 0.797 0.73905 0.00006 0.99563
Gr:MWCNT7:1 1.24952 -0.03842 28.41795 2.96326 1.22E-06 0.99919
Gr:MWCNT1:3 1.27585 -0.00878 4.4684 2.59601 0.00003 0.98972
Gr:MWCNT1:7 0.97439 -0.01359 2.1581 4.00169 0.00003 0.99187
GA 3.69412 -0.17155 3834.48 6.06727 1.84E-06 0.99306  
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The tip current can be compared to the steady state current to give information about the 











 , with P1 being the 
heterogeneous rate constant for single electron transfer (HET), P2 is the rate constant for 
multiple electrons, and P3 and P4 describe the more complicated processes of diffusion 
and charge transfer. The probe approach or feedback curves were fitted and plotted in  
Figure 20 as dashed curves that help to determine the heterogeneous kinetics rate 
constant at the tip, kET (or P1 in equations above).  
Table 3. Fit parameters for the probe approach curves at polarity 2 (Vt = 0.5 V, Vs = 0.4V) for 
aerogel samples. 
Sample ID P1 P2 P3 P4 Chi^2 R^2
Approach 1
MWCNT 3.70496 -0.19989 747.7261 5.94198 1.74E-06 0.99241
Gr:MWCNT(2:1) 0.5156 -0.06995 96.04575 15.1639 0.00004 0.99619
Gr:MWCNT(3:1) -3.65433 0.00497 -9.11405 3.83727 8.38E-06 0.97794
Gr:MWCNT(5:1) 3.42616 -0.28574 45.46135 6.93368 2.94E-07 0.99841
N-MWCNT 1.00118 -0.001 1.20431 1.56176 4.00E-05 0.99034
N-Gr:MWCNT(2:1) 0.31065 -0.00487 6.83388 3.15456 4.30E-04 0.98949
N-Gr:MWCNT(3:1) 0.29961 -0.00133 0.97033 1.53683 3.90E-04 0.99098
N-Gr:MWCNT(5:1) 1.28441 -0.0011 1.63231 1.01432 2.00E-05 0.99187
N-Gr:MWCNT(7:1) 0.91175 -0.00224 1.6383 1.64077 3.00E-05 0.99411
SWCNT 0.39976 -0.00111 0.86408 1.90234 0.00025 0.99028
Gr:SWCNT(2:1) 1.78278 -0.005 3.429 2.18197 0.00001 0.99069
Gr:SWCNT(5:1) 4.29019 -0.00382 7.49409 1.08263 1.66E-06 0.99128
Gr:SWCNT(1:7) 3.14717 -0.00252 7.62097 0.8015 3.08E-06 0.99139
NrGAth 2.07286 -0.00193 4.59249 1.30305 7.37E-06 0.99119
N-SWCNT 1.21309 -0.001 2.99607 0.95199 2.00E-05 0.99169
N-Gr:SWCNT(2:1) 5.11699 -0.00383 13.9998 0.74891 6.21E-07 0.99502
N-Gr:SWCNT(5:1) 1.44958 -0.00688 2.89476 3.13474 2.00E-05 0.99175
NGA 1.7245 -0.10677 2556567 9.80895 3.26E-06 0.99651
Approach 2
CF 1.81242 -0.02403 10.41362 3.10173 8.07E-06 0.99307
MWCNT 3.39157 -0.0037 6.81428 1.6944 9.08E-06 0.97566
Gr:MWCNT3:1 7.90713 -0.00616 11.80565 0.82266 2.36E-07 0.99474
Gr:MWCNT7:1 2.71599 -0.08598 23.25461 3.57235 1.79E-06 0.99563
Gr:MWCNT1:3 1.29025 -0.0136 6.80867 2.79895 2.00E-05 0.99219
Gr:MWCNT1:7 2.66428 -0.02305 6.23875 2.93016 2.97E-06 0.99445
GA 6.412 -0.31053 14655.33 6.43935 1.42E-06 0.98394  
The kET values ranged from 1.0×10
−1 to 4.0×10−1 cm s−1, from 0.5×10−1 to 4.5×10−1 and 
from 0.4×10−1 to 3.5×10−1 cm s-1 for aerogels prepared using approach 1, approach 2, and 
nitrogenated approach 1 respectively; the values are within an accuracy of approximately 
0.1%, which is smaller than the typical experimental uncertainty. These values are given 
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for each material in Table 2. Table showing the fit parameters for the probe approach 
curves at polarity 1 (Vt = 0.5 V, Vs = -0.4V) for aerogel samples. (pol 1) and Table 3 (pol 
2). These kET values are higher than the reported values for pristine CVD graphene layers 
(2.0×10−2 – 4.2×10−2) in aqueous solution.3 The difference is attributed to tunable 
morphology, structural quality, basal and edge site defects density in graphene-based 
aerogels. Nitrogen doping causes a huge decrease in the heterogeneous rate constant for 
the single electron transfer (P1) value, except in the case of the SWCNT aerogel material 
since the nitrogen doped counterpart shows an increased transfer rate. For the second 
polarity, while the trend is repeated, all of the nitrogen doped SWCNT aerogels showed 
an increased electron transfer rate, except the Gr:SWCNT5:1 sample.  
SECM (Mapping): Mapping was also performed to measure the electrochemical 
reactivity distribution at the electrode/electrolyte interface with base solution [0.05M 
Na2SO4 and 5mM K3Fe(CN)6] redox probe. Figure 21 and Figure 22 display these SECM 
images (600 × 600 μm2) showing probe tip current distributions as two dimensional 
contour ‘heat maps’ and three-dimensional images with occasional higher/lower current 
reflecting “highly reactive” electroactive sites’ distribution. The mapping provided a 
combination of surface topography and electroactivity distribution plotted using a ‘heated 
contour map’ in two- and three-dimensions indicative of subtle differences among the 
whole family of aerogels studied.23,38 The localized chemical reactivity was then plotted 
against the tip position rastered over the electrode surface, generating the maps shown in 
Figure 21 and Figure 22. From these maps, it is apparent that the graphene aerogel (top) 
has the largest range of current response, indicating the localized rate of oxidation of the 
reactant was the most varied in this sample. This shows that the electrode has localized 
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regions, so-called “hot spots” having highly electroactive sites that are conducting in 
addition to semiconducting / insulating regions. 
 
Figure 21. SECM mapping representative images. Polarity 1 is on the left (probe 0.5V, tip -0.4V) 
and polarity 2 on the right (probe 0.5V, tip 0.4V). The top row is GA, second row is 
Gr:MWCNT3:1 approach 2, and bottom row is MWCNT approach 1. All images are 600 x 600 
μm2. 
The combination material (Gr:MWCNT3:1) prepared using Approach 2 has areas 
where sample was missing and the reaction of the substrate was obvious, these areas are 
seen as current spikes. It is observed clearly that the normalized feedback currents are 
different from each other as well as that of pristine graphene, which depended on surface 
morphology and is promoted by defects number density. Conventional wisdom indicates 
that higher feedback current indicates faster local HET rate. The electroactive regions 
with high areal site density (~40–60 μm2) reinforce the multiple roles played by graphene 
aerogels in providing edge plane sites and defects as opposed to those of the GO and rGO 
solutions. These findings underscore the significance of morphology and topological 
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multiplexed structure, demonstrating that the high-performance electrochemical and 
electrocatalysis systems are related to the areal density of electroactive sites. 
 
Figure 22. SECM mapping representative images. Polarity 1 is on the left (probe 0.5V, tip -0.4V) 
and polarity 2 on the right (probe 0.5V, tip 0.4V). The top row is NGA, second row is N-
Gr:MWCNT3:1 approach 1, and bottom row is N-MWCNT approach 1. All images are 600 x 600 
μm2. 
 These mappings (Figure 22) show representative nitrogen-doped samples under 
the same electrochemical environment and conditions. The nitrogen-doped GA and 
MWCNT only aerogels are also displayed in Figure 22. However, the Gr:MWCNT3:1 
approach 2 is shown in Figure 21 while the nitrogen doped approach 1 counterpart is 
shown in Figure 22. The nitrogen doping essentially creates a mirror image of the 
undoped materials between the GA and the NGA. This is the ideal behavior for creating 
separate p- and n-type legs for a single thermoelectric device (see Fig.3).  
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Chapter 3: Graphene-Carbon Nanotube Aerogels as ‘Organic’ 
Thermoelectric and Thermo-electrochemical Energy Harvesters  
 Chapter 3 begins with measuring the Seebeck coefficient of various aerogels and 
thin films for comparison. This information is combined with the previously determined 
electrical properties (conductivity or resistivity) and surface morphology to a) establish 
morphology-structure-property correlations and b) optimize thermoelectric properties 
and performance. These devices were developed in multiple configurations including 
coin cell and planar configurations then tested to determine the electrical power output. 
These findings were also exploited to develop an array of devices in view of maximizing 
the thermo-electrochemical efficiency. 
3.1 Determining the Seebeck Coefficient and Correlating with Resistivity  
The Seebeck coefficient has been previously shown to simply be the ratio of the 
potential difference over the temperature difference. To measure this, we simply induce a 
temperature gradient and measure the potential, then create a graph of thermal potential 
vs temperature difference which has a slope that is descriptive of the Seebeck coefficient. 
A simple experimental setup was created to facilitate this measurement, with a schematic 
provided in Figure 23. The induced potential is attributed to electronic carriers having 
more energy on the side exposed to the heat, as compared to the cold side. This creates a 
concentration of the carriers in the cold region of the sample and induces a potential, 
based on the concentration gradient of the charge carriers. The Seebeck coefficient was 
first measured under ambient conditions, then an electrolyte and redox mediator solution 




Figure 23. Experimental setup for the determination of the Seebeck coefficients of the materials 
in ambient conditions and with an applied electrolyte.  
Since FoM (𝑧𝑇 =  
𝑆𝑒2×𝜎×𝑇
𝜅
) formula is proportional to σ and Se2, it is to our advantage to 
maximize both of these values, but the Seebeck coefficient obviously carries more weight 
than the electrical conductivity. By combining the results from these experiments and the 
IV vs temperature experiments, we can determine the most optimized materials for 
development into devices. We have developed the graphs as functions of the resistivity 
(ρ), instead of the electrical conductivity (σ) (which is inversely proportional), vs 
Seebeck coefficient (Figure 25. Representative graphs showing electrical resistivity vs 
Seebeck coefficient, used to determine most efficient materials. MWCNT based aerogels 
shown (left) next to SWCNT (right) with the regular aerogels being at the top and 
nitrogen doped aerogels being shown below..  
We know from the formula that we need a high Seebeck coefficient as well as a 
high electrical conductivity (σ), which corresponds to a low electrical resistivity (ρ). 
These were the primary properties considered when selecting the materials to be used for 
creating the final devices. We created single-cell planar samples from two different 
materials, with a nitrogen doped material as the n-type side and a non-doped material as 




Figure 24. Representative graphs showing ΔT vs Thermal voltage for individual materials, where 
the slope is representative of the Seebeck coefficient. 
It can be concluded that the addition of our electrolyte solution has the ability to enhance 
the Seebeck coefficient by up to two orders of magnitude. The ideal material would show 
a high Seebeck coefficient and a low electrical resistivity (ρ), which can be determined 






Figure 25. Representative graphs showing electrical resistivity vs Seebeck coefficient, used to 
determine most efficient materials. MWCNT based aerogels shown (left) next to SWCNT (right) 
with the regular aerogels being at the top and nitrogen doped aerogels being shown below. 
 Some of the most ideal materials (high Seebeck, low ρ) include the Gr:MWCNT2:1, the 
NrGAth, and the Gr:MWCNT7:1. Several of these materials will be developed into devices.  
3.2 Device Development 
Several styles of devices were constructed to analyze the properties of the 
materials and develop an optimized device for harvesting thermo-electrochemical energy. 
3.2.1 Coin Cell Configuration 
Initially, samples were adhered to the metal spacers and arranged in a coin cell 
configuration. The cells were created by first placing the bottom casing, then adding a 
spacer with sample, facing up. Paper membrane spacers were soaked in an electrolyte 
solution of 15 mL of 0.4 M sodium sulfate (Na2SO4) combined with 1 mL of 5 mM 
Potassium Ferricyanide (K3Fe(CN)6). Three of these membranes were placed on top of 
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the sample. Another metal disc with sample was then placed, face down onto this setup. 
Finally, the cover was placed on the setup, and it was lightly pressed closed. These 
samples were attached to the electrochemical workstation and cyclic voltammetry was 
run on the cells, to ensure continuity. Next, the coin cell was placed on a heating pad and 
ice was applied to the top of the cell. The potential was measured between the two sides 
starting at room temperature and increasing the potential applied to the heating pad in 5 
volt increments until 70 volts was reached, which corresponds to 149 oC. To maintain 
consistency, the positive lead was always applied to the cold side of the sample. 
 
Figure 26. Shown is a schematic of the coin cell configuration.39 
3.2.2 Planar Configuration Devices 
The planar samples were also analyzed. These samples, adhered to glass slides, 
were placed across an induced temperature gradient, created through the use of an ice 
bath and a rubber heating pad (Model Omegalux SRMU 100101-0, Omega Engineering, 
INC, Norwalk, CT, USA) as described in chapter 1 and shown in Figure 23. These 
samples were measured under ambient conditions then with the applied electrolyte, to 
allow for a comparison of the thermoelectric and thermo-electrochemical energy 
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harvesting abilities of these materials, as well as the Seebeck coefficients and electrical 
conductivity properties of the samples. This information was used in selecting the 
appropriate materials from which devices will be fabricated. Schematics of these 
experiments are provided in Figure 11 (for electrical conductivity) and Figure 23 (for 
Seebeck coefficient). 
3.2.3 Single Cell Thermo-electrochemical Devices 
Ultimately, the single cell thermoelectric device consists of a glass slide, coated 
with a thin, thermally deposited layer of aluminum, topped with two monolithic (one p-
type and one n-type) legs of aerogel samples arranged in a ‘V’ pattern, as shown in 
Figure 27 and explained in Figure 3 and section 2.1.3. 
 
Figure 27. Image showing development of single cell devices. Left piece is the slide mask, used 
to deposit aluminum electrodes, the middle item is a glass slide with aluminum deposited, and the 
right item is a representative single cell device. 
3.2.4 Triple Cell Thermo-electrochemical Devices 
 
Figure 28. Shown is the development of the triple cell device. The left item is the slide mask, 
used to deposit the aluminum coating on the glass slide, the middle item is a representation of 
how the aluminum would be deposited onto the glass, and the right most item is a completed 
triple cell sample. 
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The triple cell device was built on a larger glass slide (7.5 cm x 2.5 cm, Alpha-
Chem, Ambala, Haryana, India), and consisted of three of the single cells combined in 
series to make them electrically continuous. This is accomplished by creating a 
continuous layer of aluminum beneath the samples, just like the single cell devices. 
3.3 Results and Discussion 
The results were obtained under ambient conditions, as well as in the presence of 
an electrolyte/redox mediator solution, for all planar samples. However, the coin cell only 
consists of one configuration, and it always included the solution. 
3.3.1 Coin Cell Configuration 
 Coin cells were created from the approach 1 materials. The MWCNT coin cells 
were all created in a symmetric fashion, with both electrodes being made of the same 
materials. The SWCNT coin cells were created mostly in an asymmetric fashion, with the 
electrodes being made of differing materials. The measurements were taken with the 
devices being placed on top of a heating pad, and a metal container filled with ice placed 
on the top of the device to create a temperature gradient.  
 
Figure 29. Results from thermal voltage measurements taken on coin cell devices MWCNT (left) 




The coin cell performance was not always as expected, since increasing the temperature 
gradient caused material dependent fluctuations in the magnitude of the measured 
thermal voltage. We expected thermal voltage to increase with increased temperature 
gradient. However, in the experiments, we found the thermal voltage seemed to generally 
approach an asymptote in the coin cells. 
3.3.2 Single Cell “V” Shaped Devices  
Single cell devices were created in a “V” shaped pattern for testing. These devices, 
having both a p-type and n-type leg, represent the first testing of the completed 
thermoelectric devices. Initially, all samples were tested with no electrolyte, under 
“ambient” conditions. 
  
Figure 30. Experimental setup depiction of the single "V" shaped, single cell devices being tested.  
Next, an electrolyte consisting of potassium ferricyanide (5mM) and sodium sulfate 
(0.4M) was soaked directly onto the electrode material, before the experiments were 
carried out in a manner identical to the ambient conditions experiments. A second 
electrolyte solution similar to the previous one, but with the addition of potassium 
ferrocyanide was also used for the third set of measurements. The graphs are depicted as 
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thermal voltage versus temperature change, which provides the Seebeck coefficient of the 
device through the slope. 
 
 
Figure 31. Thermal voltage versus delta T, graph depicts ambient conditions, in presence of 
Na2SO4 and K3Fe(CN)6, and in presence of Na2SO4, K3Fe(CN)6, and K4Fe(CN)6. 
There were a variety of responses from our samples, with some of the most encouraging 
results being that we were able to extract almost 0.8 volts from one of these devices, 
which could be enough electricity to power a small, portable electronic device. The next 
set of devices consisted of these same cells being connected electrically in series, but 
thermally in parallel. 
3.3.3 Triple Cell ‘Tandem’ Devices 
 By expanding to the triple devices, we expect to increase the themopower by 
approximately a factor of three. A new experimental setup was constructed to account for 
this new larger sample size (see Figure 32), but otherwise the experiments were 
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conducted in the same manner. These devices were also measured under ambient 
conditions as well as with electrolytes [Na2SO4, (Na2SO4 + K3Fe(CN)6), and (Na2SO4 + 
K3Fe(CN)6 + K4Fe(CN)6)].  
 
Figure 32. Schematic depicting triple cell device experiments. 
To show the difference between single and triple cell experiments, the results of both are 
plotted together in Figure 33. From this figure, you can tell that combining cells of 
different materials can have differing results. In the sample with N-Gr:MWCNT7:1 and 
Gr:MWCNT5:1, the single cell device has a higher magnitude of thermal voltage, while 
the triple cell shows a decreased magnitude and a polarity shift. The N-Gr:SWCNT5:1 and 
Gr:SWCNT5:1 sample showed a switch in the polarity for the triple cell device along with 




Figure 33. Graphs for the measurements of the triple cell devices, the devices were measured 
across a single cell (circles) and across the entire, triple-cell device (squares) under ambient 
(black) conditions, in presence of Na2SO4 + K3Fe(CN)6 (red), and in presence of Na2SO4 + 
K3Fe(CN)6 + K4Fe(CN)6 (blue). 
These results indicate that simply placing the devices in series does not multiply the 
potential, as expected. Therefore, optimization is required to connect devices more 
efficiently, allowing for the effects of a single cell device to be multiplied by the number 
of tandem devices connected. To improve the efficiency, we added more sample material 
until each leg was in direct contact with the next, in an effort to ensure continuity 
throughout the sample. The effort to improve the efficiency for some of the electrodes 
was not as productive as expected, since the highest thermal voltages achieved in the 
continuous cell experiments (Figure 34) were only a fraction of the values achieved 
before the samples were made continuous, with the exception of the triple device (N-
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Gr:MWCNT7:1 and Gr:MWCNT5:1) which showed a higher thermal voltage for the 
lowest and highest temperature difference points. 
 
Figure 34. Graphs showing triple cell continuous devices, the device was measured across a 
single cell (solid squares), across two cells of the device (solid circles), and across the entire 
triple-cell device (hollow squares with line) under ambient (black) conditions, in presence of 
Na2SO4 + K3Fe(CN)6 (red), and in presence of Na2SO4 + K3Fe(CN)6 + K4Fe(CN)6 (blue). 
We attribute this effect to the samples not being firmly adhered to the bottom metal 
electrode and therefore maintaining continuity across the entire device becomes 
challenging. A limited number of measurements were taken ocassionally, to protect the 
fragile devices. This indicates an opportunity to increase robustness, possibly through 
addition of a conductive polymer. We also determined that the addition of the electrolyte 
in the triple cell devices was causing a reversal of polarity, which causes the charges to 




Chapter 4: Nanoparticles-grafted Functionalized Graphene Coated with 
Nanostructured Polyaniline Layered Nanocomposites as High-
performance Biosensors 
 In this chapter, we develop a variety of biosensing platforms including a 
graphene-family material thin film substrate, decorated with electrochemically 
synthesized metal nanoparticles (MeNPs), and coated with an electro-polymerized 
polyaniline (PANi) conductive polymer. These architectures were built on top of several 
different supports including fluoride-doped tin oxide (FTO), graphite foil (GF), and 
graphite rods (GR) to develop the working electrodes. The graphene-family 
nanomaterials used included graphene oxide (GO), thermally reduced graphene oxide 
(rGOth), and nitrogen functionalized graphene (NFG) [This chapter is an excerpt of 
reference, S. Gupta and R. Meek, Metal Nanoparticles-grafted Functionalized Graphene 
Coated with Nanostructured Polyaniline ‘Hybrid’ Nanocomposites as High-performance 
Biosensors, Sensors and Actuators: B. Chemical, 274, 85-101 (2018)].  
4.1 Device Fabrication (Multilayer Architectures)  
Biosensing devices were fabricated as subsequent layers, which allows for the 
characterization of each individual layer’s microstructure in the overall hybrid 
architectures. Figure 35 depicts the synthesis of NFG, drop casting onto the platform, 





Figure 35. Schematic displaying the development of the complete architecture for the ascorbic 
acid biosensing devices. GO is converted to NFG, deposited onto substrates, decorated with 
MeNPs, and coated with electropolymerized PANi.  
4.1.1 Synthesis of Materials 
Graphene oxide and NFG dispersions were drop cast multiple times (4 layers) and 
allowed to air dry on SS321 (stainless steel AISI Grade 321), FTO (fluorine-doped tin 
oxide) coated glass, ITO (indium tin oxide) coated glass, and graphite foil substrates. 
Graphite rods were also coated, but only two layers were applied. The rGOth was 
prepared by thermally reducing GO previously coated onto slides, under an inert Argon 
atmosphere at 160 0C for 1 hour using a tube furnace (Model TF55035A-1, Lindberg 
Blue M, New Columbia, PA, USA). NFG synthesis is described in section 2.1.2. All 
chemicals were purchased from Sigma-Aldrich and used without further purification.  
4.1.2 Electrodeposition of Metal Nanoparticles (MeNPs) 
 Metal nanoparticle deposition is an inherently complicated process. There are two 
procedures that were used for the deposition of MeNPs. It is proposed that these samples 
follow an instantaneous growth model (nucleation followed by growth), instead of the 
progressive nucleation (simultaneous formation and nucleation growth) model. The 
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Cottrell equation is used to describe the decreasing transient current due to planar 
diffusion, as follows: 𝐼 = (
𝑧𝐹√(𝐷)
√(𝜋𝑡)
)(1 − exp {−𝑁0𝜋 (
8𝜋𝐶𝑀
𝜌
) 𝐷 [𝑡 −
1−𝑒−𝐴𝑡
𝐴
]}), where zF is 
the molar charge transferred during electrodeposition, C is bulk concentration, D is 
diffusion coefficient, N0 is number active site density, t is time, ρ is metal density, A is 
nucleation rate per site, and M is the molecular weight. There is another useful equation, 
derived by Palomar-Pardave for simultaneous electro-crystallization and proton reduction 
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where kPR is the rate constant for the proton reduction which is used to obtain theoretical 
nucleation sites / cm2 and nucleation rate per site constant A. The nucleation and growth 
of the nanoparticles is influenced heavily by electronic conductivity as well as diffusion 
of particles through nitrogen or oxygen functional groups. All potentials were chosen to 
optimize the size distribution of the particles. 11 
Silver Nanoparticle (AgNP) Deposition: the graphene substrates were immersed 
in a solution of potassium nitrate (KNO3: 0.1M, 10 mL) and silver nitrate (AgNO3: 1mM, 
10 mL). Then, a differential pulse amperometry (DPA) technique was applied using an 
electrochemical workstation (Model CHI920D, CH Instruments, Austin, TX, USA) with 
a standard three-electrode electrochemical cell configuration, employing a Pt wire as the 
counter electrode and a silver/silver chloride (Ag/AgCl) reference electrode (shown in 
Figure 8), switching between 0.4 V for 1 s and 0.34 V for 30 s in 10 cycles for a total run 
time of 310 seconds. The different potentials allow for different stages of growth, with 
the initial potential inducing the deposition of an AgNP core, and the second pulse 
resulting in the growth of that core. Using the macro-configuration (Figure 18), allows all 
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areas of the samples to be exposed to the process simultaneously, allowing for 
homogeneous decoration of the substrate with the nanoparticles. Through fitting with the 
Palomar-Pardave equation, it was found that the AgNPs nucleation site density was 50-
80nm (105-106 /cm2), which compared, qualitatively, with the images obtained through 
use of the SEM. 
Gold Nanoparticle (AuNP) Deposition: a solution of 10 mL of 0.5 M sulfuric acid 
(H2SO4) and 10 mL of 0.5 mM gold(III)chloride trihydrate (HAuCl4.3H20) was created 
for electrochemical deposition. The graphene substrates were immersed in this solution 
and an amperometric technique was applied at -0.2 V for 600 seconds using the same 
standard electrochemical cell described above.25 Again, the macro-configuration was used, 
allowing for homogeneous decoration of the AgNPs. 
 
Figure 36. Graphs of metal nanoparticle deposition, left graph depicts electrochemical deposition 
of gold nanoparticles (AuNPs) onto a variety of platforms, while right graph depicts 
electrochemical deposition of silver nanoparticles (AgNPs) onto a variety of platforms developed 
on graphite foil. 
Through fitting with the Palomar-Pardave equation, the nucleation site density for the 
AuNPs was found to be 50-100 nm (104-105 cm-2). The order of magnitude size ranges 
are attributed largely to the geometry of the synthesized substrates, including crumpled 
graphene edges, surface roughness, and corrugations in the materials which lead to 
preferential reaction sites. 
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4.1.3 Electro-polymerization of Polyaniline (PANi) onto MeNP Decorated Graphene  
A solution of sulfuric acid (H2SO4: 0.5M, 20mL) and Aniline (C6H5NH2: 0.03M, 
0.055mL) was created for electrochemical polymerization. This solution was stirred 
thoroughly with a pipet to dissolve created salts. A standard three-electrode 
electrochemical cell was used in the macro-configuration along with a Pt wire counter 
electrode and an Ag/AgCl reference electrode (see Figure 8). Polymerization was induced 
using cyclic voltammetry (CV) mode for 25 cycles from -0.4 V to +1.2 V at a scan rate, 
20 mV/s. The resulting electro-polymerized film was allowed to air dry.  
 
Figure 37. Shown is every fifth cycle of the 25 cycle electro-polymerization of PANi onto the 
AgNP (left) and AuNP (right) decorated NFG. 
Polyaniline (PANi) presence was verified, again using SEM. The PANi was found to 
have a globular surface morphology and covered the entire platform, which was apparent 
through the color change of the electrodes from black to green through the process. The 
first peak shows the creation of the cation radicals, the second peak represents the 
production of intermediate species and byproducts, and the third peak is related to the 
growth of the actual polymer chain. These approaches afforded scalable, uniform, 
optimized sample structures that lead to enhanced topological interconnectedness, 





Table 4. Complete list of biosensing platforms. 
GA-GF GO-FTO NFG-GF NGA-GF rGO-GF 
PANi-GA-GF PANi-GO-FTO PANi-NFG-GF PANi-NGA-GF PANi-rGO-GF 
Ag-GA-GF Ag-GO-FTO Ag-NFG-GF Ag-NGA-GF Ag-rGO-GF 
PANi-Ag-GA-GF PANi-Ag-GO-FTO PANi-Ag-NFG-GF PANi-Ag-NGA-GF PANi-Ag-rGO-GF 
Au-GA-GF Au-GO-FTO Au-NFG-GF Au-NGA-GF Au-rGO-GF 
PANi-Au-GA-GF PANi-Au-GO-FTO PANi-Au-NFG-GF PANi-Au-NGA-GF PANi-Au-rGO-GF 
4.2 Biosensing Platforms Characterization 
 A range of samples were created, as described before. A succinct Table 1 has 
been provided to help compile the information. These devices were characterized to show 
microstructure, surface morphology, and lattice vibration properties. 
4.2.1 Scanning Electron Microscopy (SEM)  
 
Figure 38. SEM images shown for development of multilayered architecture design for 
biosensing platform with the column's progression being (left to right) GO, rGO, NFG, GA, and 
NGA. The rows show (top to bottom) the base materials, addition of silver nanoparticles (AgNP), 
addition of gold nanoparticles (AuNP), and finally the polyaniline (PANi) [Images of all samples 
coated with PANi were not taken, as all materials analyzed all appeared very similar]. 
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SEM images were taken to characterize the microstructure of each step in 
developing the overall platform, however the addition of PANi created devices that were 
optically similar on the microscale, so representative images have been included for this 
step, as not all materials were analyzed once this trend was identified. From these images, 
it can be determined that the nanoparticles are fairly evenly distributed and of consistent 
size, as expected from maintaining experimental parameters. This homogeneous 
distribution should facilitate the platform interaction with the solution, simplifying our 
understanding of the processes. It also becomes apparent how the PANi layer can create 
mechanical and chemical stability for the samples, through physically covering and 
protecting the platform. 
4.2.2 Raman Spectroscopy (RS) 
Raman spectra were used to analyze the lattice vibrational structure at every 
additional stage of the multilayered architecture.  
 
Figure 39. Raman spectra shown for development of rGO samples (left) and NFG samples (right). 
It has been previously well documented that the doping of graphene based materials with 
electronic carrying molecules (here nitrogen) causes a stiffening of the G-band. 40 
Addition of metal nanoparticles causes very little change to the RS of the samples, with 
the most noticeable being a dampening of the 2D and D+G peaks. The D and G peaks are 
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related to the epoxide (C-O-C) and carbonyl (C=O) bond vibrations of the ether and 
benzene ring double bonds. However, the electro-polymerization of the samples creates 
characteristic PANi peaks in the lower range of the spectra (120 to 1000 cm-1), and has 
several characteristic peaks that are shown at similar wavenumbers as the D-band, 
causing it to appear dampened and split. This is expected, as Raman is an optical 
technique and only probes lightly into the sample’s surface. 
4.2.3 Electrochemical Microscopy (ECHM)  
Electrochemical measurements were taken in the macro-electrode configuration, 
shown in Figure 8 along with complete platforms, as well as those that were partially 
completed, to give a better understanding of how each layer impacted the overall results. 
Cyclic voltammetry (CV): CV plots were generated for various stages of electrode 
development in 0.05 M phosphate buffer saline (PBS) with a redox mediator of 5mM 
potassium ferricyanide (K3Fe(CN)6), both in the presence and absence of ascorbic acid 
(AA). The scan rate was varied, allowing the samples reduction/oxidation properties to be 
analyzed. Figure 40 shows cyclic voltammograms for the various drop-cast platforms 
with a graphene family material in the top row, then the materials with the addition of 
silver nanoparticles (AgNPs) in the middle row, and finally the entire platform with the 
substrate, AgNPs, and PANi coating. From these images, is apparent that the base 
platforms respond well to the redox mediator, at slow scan rates. The addition of the 
AgNPs enhances this, allowing extra diffusion peaks to be observed. However, the 
addition of the PANi layer dampens these signals somewhat significantly in most 




Figure 40. Cyclic voltammograms shown for scan rates of 10mV/s (left), 20mV/s (middle 
column), and 50 mV/s (right), for all substrates only (top), substrates + AgNP (middle row), and 
substrates + AgNP + PANi (bottom). 
The peak current versus scan rate was extracted from several graphs at various 
scan rates to generate the graphs shown in  
Figure 41. The peak current vs scan rate (left) and peak current vs square root of 
scan rate (right) for samples made on graphite foil in the presence and absence of AA. 
These graphs display the quasi-linear behavior of our base sample platforms 
coated with PANi. This is indicative that the electrochemical reaction between the base 
platform/PANi and the AA/PBS solution displays a combination of heterogeneous and 
homogeneous behavior. This behavior can be modeled by the Randles-Sevcik equation 
for a quasi-reversible process as 𝐼 = 2.69 ∗ 105√𝑛3𝐴𝐶√𝐷√𝜈 , where I represents the 
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peak current, n represents the electrons transferred per mole, A is electrode area, C is 
concentration of the electrolyte, D is the diffusion coefficients, and ν represents the scan 
rate. These results indicate that the PANi coating will allow the transfer of electrons, and 
will not hinder our process in any way.41 We find that the addition of the ascorbic acid 
causes the current to vary for most samples.  
 
Figure 41. The peak current vs scan rate (left) and peak current vs square root of scan rate (right) 
for samples made on graphite foil in the presence and absence of AA. 
In all of the samples, tests run above 100 mV/s showed irreversible behavior, as indicated 
by the departure from linearity in Figure 41. Extremely slow scan rates should also be 
avoided, as they occur outside of the linear portion of the graph. The slowest scan rate 
examined here is 10 mV/s, which is too slow for our purposes. 
Electrical Impedance Spectroscopy (acEIS): Impedance spectroscopy was also 
performed on several of the samples. Plotting the imaginary Z component (ZIm) versus 
the real component (ZRe) allows us to generate Nyquist plots, as shown in Figure 42. The 
semi-circle part of the graph represents the kinetically controlled portion of the 
experiment, corresponding to the charge transfer resistance (Rct), while the linear portion 
represents the mass transfer controlled portion of the experiment, which contains much 




Figure 42. Nyquist plots created to show the difference in response without the redox mediator 
(K3Fe(CN)6) (left) and with the redox mediator (right). 
This linear portion should have a slope which corresponds to 𝑍𝐼𝑚 = 𝑍𝑅𝑒 − 𝑅Ω − 𝑅𝑐𝑡 +
2𝜎2𝐶𝑑 where RΩ is the Ohmic solution resistance, Cd is the differential capacitance of the 
double layer, and σ is a function representing the slope of the line. 23 From these plots, we 
can see that the presence of the redox mediator greatly extends the kinetically controlled 
portion of the experiment, displaying the role of the redox mediator in lowering the 
dependence on diffusion. The gold nanoparticle (AuNP) decorated material seems to 
derive the most benefit from the addition of the potassium ferricyanide, and its 
importance to the kinetically controlled region is reiterated here. 23  
The extension of the kinetically controlled portion of the graph by the redox 
mediator is attributed to an increased number of electrical carriers being present at the 
reaction site, eliminating the reliance on diffusion from the ionic current to replenish the 
active species. This allows for the diffusion terms to be eliminated from equations when 
using the redox mediator, simplifying the calculations. 
Figure 43 shows Nyquist plots for graphite rod based samples, first in only PBS, 
then in a solution of AA and PBS. From these graphs, it is apparent that the addition of 
the metal nanoparticles (MeNPs) alone only causes small changes in the resistance, while 
68 
 
the entire architecture shows huge shifts in these resistances, indicating better detection 
properties. 
 
Figure 43. Nyquist plots for graphite rod samples with AgNP (top row) and AuNP (bottom row) 
in PBS (left) and PBS + K3Fe(CN)6 (right) zoomed in to highlight the solution resistance and 
charge transfer resistance areas. 
Differential pulse voltammetry (DVP): DPV was employed to show the 
electrochemical response of the platforms with various electrolytes. The scans were done 
at 25 mV and 50 mV, with a representative sample of the 25 mV amplitude pulse being 
displayed in Figure 44. These results indicate that the PANi coating is responsive to not 
only the redox mediator, but also to the ascorbic acid, as an analyte, regardless of the 




Figure 44. DPV voltammograms for the various platforms shown in only PBS (top left), PBS + 
AA (top right), and PBS + K3Fe(CN)6 (bottom). 
4.2.4 Scanning Electrochemical Microscopy (SECM) 
 The SECM measurements were analyzed in negative feedback probe approach 
and imaging modes (see Figure 10).  
Probe Approach: The probe approach is used to determine electron transfer 
kinetics, similar to section 2.2.1. All samples show semiconducting behavior, which is 
apparent from the concave shape of the curves. The steady state tip current gives 












with P1 being the heterogeneous rate constant for single electron transfer, P2 is the rate 
constant for multiple electrons, and P3 and P4 describe the more complicated processes of 





Figure 45. Probe approach curves and fitted lines for NFG based devices (left) and KET values 
plotted against sample ID (right).  
The kET value (i.e. P1 fitting parameter) shows a range from 0.03 to 0.199 cm/s, as shown 
in Error! Reference source not found.. The addition of the PANi seems to enhance the 
kinetics in the case of the AgNPs, but partially inhibits the transfer in the case of the 
AuNPs by almost a whole order of magnitude. 
Table 5. Probe approach fit parameters for NFG based devices. 
sample polarity P1 P2 P3 P4 chi^2 R^2
Ag_NFG_GF6 1 0.18472 -0.00302 1.70973 4.13436 0.00122 0.99018
2 0.15639 -0.00178 0.72991 4.29268 2.63E-03 0.9863
Au_NFG_GF4 1 0.20885 -0.00336 0.81017 4.19699 1.07E-03 0.98872
2 0.19944 -0.00403 0.13912 6.25416 8.70E-04 0.9887
PANi_Ag_NFG_GF5 1 0.2246 -0.00511 6.82345 4.61344 1.69E-03 0.97938
2 0.14639 -0.00316 7.16955 7.68492 2.34E-03 0.9899
PANi_Au_NFG_GF3 1 0.03399 -0.00058 0.31439 4.80383 3.34E-02 0.9909
2 0.03423 -0.0006 0.25524 4.63865 2.84E-02 0.99229
PANi_NFG_GF7 1 0.05841 -0.00151 87.09565 3.55145 1.59E-02 0.98576
2 0.05732 -0.00143 26.37938 3.53056 1.29E-02 0.98888  
SECM mapping: Mapping was performed to measure the electrochemical activity 
or reactivity distribution at the electrode/electrolyte interface with base solution [0.05M 




Figure 46. Representative SECM mapping plots for polarity 1 (probe 0.5V, tip -0.4V) showing 
MeNPs on substrate (top row) and complete architecture (bottom row) for AgNPs (left) and 
AuNPs (right). 
Figure 46 displays SECM images (600 × 600 μm2) showing probe tip current distribution 
as two dimensional contour ‘heat maps’ and three-dimensional images with occasional 
higher/lower current reflecting “highly reactive” electroactive sites’ distribution. 
4.5 Results and Discussion 
 Now that we have fabricated and analyzed our devices, we will introduce the 
testing methods used for the amperometric biosensing of ascorbic acid. It has been 
previously shown that similar materials can oxidize biologically relevant molecules, 
which makes these molecules directly detectable through electrochemical detection 
methods.42 However, there is limited research in the area of using MeNPs and PANi to 
enhance the catalytic activity. In the final testing phase of this project, we began with the 
graphite foil samples, but mainly we focused on the graphite rods, due to an increased 
surface area from the conical shape instead of flat and rectangular. We analyzed the 
samples to assess detection limits, quantify results, and analyze selectivity. 
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4.5.1 Analyte Detection 
The Amperometry technique was chosen to demonstrate the biosensing 
capabilities of our platforms. In these experiments, the solution began with only 
phosphate buffer solution (PBS). For all experiments, ascorbic acid (AA) was added 
periodically at a potential of +0.9 V with intermittent pauses to add analyte and stir, 
before resuming. The first experiment is for linear detection, which consists of 50 μL 
additions of 50 μM ascorbic acid solution. The second experiment, called ‘additions’ 
involved adding consistent volumes (50 μL) of increasing concentration of ascorbic acid 
to a base solution of PBS every 200 seconds of run time. The third type of experiment, 
called ‘full detection range’, involved starting with only PBS and adding increasing 
volumes or increasing concentrations of ascorbic acid at alternating additions. The first 
addition, at 100 seconds was 12.5 μL of 20 mM ascorbic acid. Then, at 600 seconds 12.5 
μL of 20 mM was added again. At 1100 seconds and 1600 seconds, 25 μL of 20 mM 
ascorbic acid was added. Next, at 2100 and 2600 seconds, 25 μL of 200 mM was added, 
and finally, at 3400 and 4200 seconds 50 μL of 200 mM ascorbic acid was added. This 
experiment ended at 5000 seconds.  
The graphite rod samples were also analyzed in this manner. Two experiments 
were completed mimicking the additions and full detection range experiments from the 
graphite foil section. The graphite rod samples were then used in specificity experiments. 
The same parameters were used, and the same initial solution of PBS. However, in this 
experiment, 20 μL of 7 mM glucose was added at 50 seconds, and then 20 μL of 7 mM of 
uric acid was added at 100 seconds, and finally, 20 μL of 7 mM of ascorbic acid was 
added at 150 seconds. The experiment was allowed to run until 200 seconds. The graphite 
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rods were also analyzed with extremely low concentration ascorbic acid additions. For 
this experiment, 50 μL of 100 nM ascorbic acid was added at 50 and 100 seconds. Then, 
the concentration was lowered further, with 50 μL of 1 pM ascorbic acid being added at 
100, 150, and 200 seconds.  The graphene foil additions experiments showed an 
increasing current with increasing concentrations of AA (see Figure 47). 
 
Figure 47. Addition experiments on graphene foil, showing smaller concentrations on the left and 
full detection range on the right. 
These experiments point to extremely good sensitivity and a current response that is 
quantitatively scaled towards our target molecule AA when using the NFG base substrate. 
These very promising results were then improved upon by the use of graphite rod 
samples, which increased the surface area of the electrode. 
 
Figure 48. Addition experiments for all graphene rod substrates with the silver nanoparticle (left) 




Figure 49.  Addition experiments shown as current response versus Ascorbic acid concentration. 
A variety of responses are shown for the different materials. Many of the samples 
were able to detect AA in picomolar concentrations (see Figure 50, top row).  
 
Figure 50. Graphs depicting low sensitivity experiments (top row) and selectivity experiments 
(bottom row) for AgNP series (left) and AuNP series (right). 
This is an impressive result, indicating a limit of detection (LOD) that is sub picomolar 
concentrations, as these additions were in approximately 17 mL of solution. However, the 
samples were not able to distinguish between other biomolecules which were added 
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during the selectivity experiments. These results indicate that the sensors can be very 
dependable for analyzing concentrations. However, the tested platforms (see Figure 50, 
bottom row) were sensitive not only to AA, but also responded to glucose in solution. It 
is suggested that further research could improve selectivity to AA molecule, or this 




Conclusions and Outlook 
 Thermoelectric power:  From these findings, we have determined that thin films 
have much less topological effects than the aerogels. This understanding was used to 
develop aerogels with increased surface area, thereby improving the thermoelectric 
effects. We created an array of materials, with slightly varying properties, allowing us to 
determine the effects of various ratios of precursor materials on the developed aerogels. 
Optically, more graphene creates more string-like structures while more nanotubes create 
more globular type morphologies. We doped several materials with nitrogen to give n-
type behaviors. However, in future work it may be good to vary the doping density of the 
materials to develop more distinct n-type behaviors.  
The Seebeck coefficients were then measured to identify the most likely 
candidates for thermoelectric device development. In this way, we were able to create a 
library of material properties, allowing us to understand how these properties are 
influenced by the topological morphology. We aimed to maximize our figure of merit by 
maximizing the Seebeck coefficient and the electrical conductivity simultaneously. 
Several devices were developed and tested to generate thermoelectricity. While our 
results were very encouraging, it may be worth looking into boron doping to create p-
type behaviors in the p-type legs of the devices, instead of relying on intrinsic properties. 
Another opportunity for improvement comes in optimizing the electronic connections 
between the cells to extract the maximum potential from the devices. Additionally, the 
chemical and physical stability of the devices can be further optimized to increase the 
robustness of the devices. 
 Ascorbic acid biosensing:  Next, we developed multilayer architecture devices for 
biosensing of ascorbic acid. Here, we are able to determine that the addition of the metal 
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nanoparticles onto the graphene based platform improves the electron transfer kinetics, 
facilitating the detection of the biomolecule. The coating of polyaniline onto these 
samples improved the mechanical and chemical stability of the samples, but created 
mixed effects on the sensing ability. The solution to this issue may reside in developing 
samples with differing thicknesses of polyaniline coating, allowing the effect of the metal 
nanoparticles to be more pronounced, without sacrificing stability. Overall, the limit of 
detection was found to reside in the range of picomolar concentrations, which serves as a 
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